Abstract. A large-eddy simulation (LES) is performed for turbulent flow inside a combustion device. The combustion device is simplified as a cylinder with sudden expansion. To promote turbulent mixing and to accommodate flame stability, a flame holder is attached inside the combustion chamber. Emphasis is placed on the flow details with different geometries of the flame holder. The Smagorinsky model and the Lagrangian dynamic subgrid-scale model are applied and tested. The simulation code is constructed using a general coordinate system based on the physical contravariant velocity components. The calculated Reynolds numbers are 5000 and 50 000 based on the bulk velocity and the diameter of the inlet pipe. The predicted turbulent statistics are evaluated by comparing with the experimental data, which are obtained by laser Doppler velocimetry. The agreement of the LES with the experimental data is shown to be satisfactory.
Introduction
Recent advances in energy conversion technologies have expanded the interest in developing alternative energy systems more adaptive to environmental standards. A modern gas turbine combustor is an example of such an alternative. Dilute premixed flame combustion in a gas Q.1 turbines has received much attention due to the reduction of nitrogen oxide (NOx) emission achieved by decreasing the flame temperature. However, the stabilization of a premixed flame by a flame holder is important, since a low-temperature flame can be easily extinguished in the process of turbulent mixing or combustion reaction. The combustion reaction, which is a key design factor for a gas turbine combustor, is subjected to turbulent mixing inside a combustion chamber. Precise prediction of a turbulent flow field is called for in designing an efficient combustor.
A literature survey reveals that experimental and numerical studies have been made in the effort to understand the flow mixing phenomena inside a combustion chamber. Amano et al [1] simulated a turbulent premixed flame around a bluff body by employing the k-ε and flamelet model. They predicted the premixed flame temperature and showed that their model gave better predictions than the original flamelet model or Arrhenius-type model. However, the recirculating flow regions behind the bluff body in their predictions were smaller than those found experimentally.
Sato et al [2] and Ogata et al [3] measured the flow characteristics Q.2 in a two-dimensional dump diffuser configuration. The effects of the symmetric or asymmetric inlet velocity distribution on flow mixing were analysed experimentally. Recently, Akselvoll and Moin [4] conducted a large-eddy simulation (LES) of turbulent confined coannular jets discharging into a sudden expansion. Using the dynamic subgrid-scale (SGS) model, the mixing rates of fuel and oxidizer were compared with the experimental data of Johnson and Bennet [5] . They simulated the phenomena leading to a lean blow-out, which are closely related to the combustion stability of the diffusion flame.
LES is expected to be effective in predicting the turbulent behaviour of combustion processes. In LES, the contribution of the large, energy-carrying structures to the momentum transfer is computed exactly, and only the effects of the smallest scales of turbulence are modelled. With the advent of new SGS models and the rapidly expanding capacity of computers, LES can be used to study physical phenomena that occur in engineering applications that are more complex. However, uncertainties remain in the SGS modelling in predicting accurate turbulent flow fields inside a complex combustor geometry. In general, the Smagorinsky [6] model is widely used. It is known that the dynamic SGS model [7, 8] gives a reasonable prediction for appropriate low-Reynolds-number turbulent flows. However, the results are not entirely satisfactory for complex flows. In the present study, a LES is carried out to study the turbulent mixing downstream of a flame holder inside a cylindrical chamber. All calculations are carried out under the assumption of non-swirling and non-reacting cold flows. A flame holder is employed to stabilize the premixed flame. Three types of flame holder are chosen: a disc type, a cutting plane type, and a cutting plane with shaft type. A schematic diagram of the flame holder and the combustion device is given as figure 1. All the governing equations are solved in a general coordinate system based on the physical contravariant velocity components. The SGS models are tested by using different values of the Smagorinsky model constant and the Lagrangian dynamic SGS model. Emphasis is placed on the evolutions of turbulent structure influenced by different geometries of the flame holder. The calculated Reynolds numbers are 5000 and 50 000, based on the bulk velocity and the diameter of the inlet pipe. The predicted results for the turbulent statistics are evaluated by comparing with the LDV (laser Doppler velocimetry) measurement data. The predicted results are in good agreement with the experimental data. The turbulent behaviour of the premixed-type combustion device and the influence of flame holders on flow mixing are examined.
Governing equations
The governing transport equations can be expressed in terms of the contravariant physical velocity components. In order to transform the Cartesian tensor to the general coordinate system, the following procedure is adopted [9] :
Large-eddy simulation of turbulent flow inside a sudden-expansion cylindrical chamber (c) Tensors
The final filtered equations have the following forms:
where u (i) are the grid-scale physical contravariant velocity components.
i mj are the physical counterparts of the Christoffel symbols, J the Jacobian and g ij the mathematical component of the metric tensor, and g (ij) the physical component of the metric tensor and g (ij) the inverse component of the metric tensor, respectively. The relations between the mathematical and the physical components are
The velocities, coordinates, and time are non-dimensionalized by means of the inlet bulk velocity U b , radius R, and timescale R/U b , respectively. In LES, the larger scales of turbulent motion are resolved on the numerical grid and the smaller scales of turbulent motion are modelled by adopting a spatial filtering approach. The stress tensor τ (ij) , which represents the interaction of unresolved SGS motion on the grid-scale velocities, can be written as
The Smagorinsky [6] model and the Lagrangian dynamic SGS model [10] are employed in the present simulation. The Smagorinsky model constant C s = 0.1 is adopted. The length scale ∆ is calculated from the mesh size and the Van Driest [11] damping function is used to reduce the length scale in the near-wall region:
The dynamic model coefficient is obtained from the resolved turbulent velocity field, which parametrizes the subgrid stress. However, the model coefficient varies strongly in space and it contains a significant fraction of negative values. The negative values are of particular concern because they lead to negative values of eddy viscosity in the Smagorinsky parametrization. This is destabilizing in numerical simulation and a non-physical growth in the resolved velocity fluctuations is often observed.
To overcome this problem, averaging over the homogeneous directions has been a popular choice. Germano et al [7] and Piomelli [12] averaged the equation over planes parallel to the walls in a channel flow simulation, whereas Akselvoll and Moin [4, 13] averaged over the spanwise direction in a backward-facing step flow and a confined coannular jet flow. While these averaging schemes are proven to be effective at controlling the possible instabilities, their justification is still incomplete. Additionally, a homogeneity in space or time could be required. The Lagrangian Q.3 dynamic model proposed by Meneveau et al [10] determines the model coefficient by minimizing the error in Germano's identity along the particle trajectories. The model coefficient is obtained as shown below:
Here, the weighting function W (t − t ) is a free parameter, which defines the extent backward along the path line over which we choose to minimize the error. Although several appropriate weighting functions are available, an exponential weighting of the form W (t−t ) = T −1 exp(−(t− t )/T ) has a practical advantage that the integrals I LM and I M M are solutions to the following relaxation equations:
where
In the above, an overbar represents low-pass filtering with a filter width of size ∆. This is comparable to the grid size of the LES, while a tilde represents filtering over a scale of 2∆. In LES, solving such transport equations is easier to handle than performing integrals backwards in time according to equations (2.14) and (2.15). The timescale T controls the memory length of the Lagrangian averaging [10] :
(2.20)
Numerical method
A cylindrical geometry and cylindrical grid are used. The governing equations are nondimensionalized on the basis of the radius and bulk velocity of inlet pipe. A schematic diagram of the calculation domain is shown in figure 1 . The whole calculation region in the streamwise direction is 23R and the inlet pipe length is 4R. The calculation domain includes a jet which discharges into a sudden expansion. The flame holder is attached at a distance 0.85R from the inlet pipe and the radius of the inlet pipe is 20.0 mm. In the cylindrical grid, the singular point at the centreline is treated as an artificial value [4] . At the centreline, the velocity component is assumed to be multi-valued and a linear interpolation is made across the centreline. This implies that the velocities at two points located on opposite sides of the centreline are the same, except for having opposite sign. Conceptually, the centreline is considered as a circle of small, but finite radius. The reliability and the accuracy of the present numerical code has been verified by comparing with the DNS results for turbulent pipe flow [14] .
The inflow condition is adopted for the velocity distribution of turbulent pipe flow at Q.4 the same Reynolds number. The second-order Adams-Bashforth scheme is used for the time discretization. The second-order central difference scheme is used for the diffusive and convective term. The pressure fields are deduced using the HSMAC (highly simplified marker-and-cell) Q.5 method, which involves a simultaneous iteration of pressures and velocity components [15] . A wall boundary is defined by a generalized wall function [16] and the convective boundary condition [17] is imposed at the outlet.
Several trial calculations are repeated to monitor the sensitivity of the grid size and the time interval (∆t = 0.002). The outcome of these tests (r × θ × z = 65 × 90 × 120) are found to be satisfactory. The computation is performed by a Silicon Graphics-Origion 2000 and Fujitsu-VX. The typical computation time is approximately 430 h for one set of calculations.
Experimental method and apparatus
A laboratory LDV measurement is carried out in a circular water channel. A schematic diagram of the experimental apparatus is shown in figure 2 . The radius of the inlet pipe is 20 mm and the mean inlet bulk velocity is 0.125 m s −1 . The temperature of the working fluid is 20 • C. The flowmeter is calibrated and the error range of calibration is about 2.41% of the Reynolds number at Re = 5000. The temperature of water is controlled in the range of 20 + 0.2 • C by using a constant-temperature bath, and the error range is about 0.52% of the Reynolds number. The LDV measurement positions are six sections behind the flame holder: 20, 40, 60, 80, 100, and 140 mm. There are a total of 220 measurement points in the horizontal and vertical directions. Q. 6 The measurements are repeated five times and the reproducibility of the data is confirmed.
The axial and radial velocity components are measured simultaneously with an argon-ion laser in a dual-beam configuration. The argon-ion laser is separated by a Colorburst multibeam Q.7 separator into green and blue beams. The wavelengths of the green beam and blue beams are 514.5 and 488.0 nm, respectively. Each beam is split into two parallel beams with a separation of 50 mm. These two beams are focused on the measurement spot with a 350 mm focal length lens. The measurement volumes defined by the e −2 optical intensity are 90.5 µm in diameter and 1.31 mm length for the green beam, 85.8 µm in diameter and 1.24 mm length for the blue beam, respectively. The output signal from an IFA750 signal processor is sampled over 500-600 Hz. The total statistical sample number used to produce the mean value of the velocity is 30 000.
Results and discussion
It is well known that the Smagorinsky model constant C s is not universal. For example, Q.8 C s = 0.23 for homogeneous isotropic turbulence [18] , C s = 0.1 for turbulent channel flow [19] , Large-eddy simulation of turbulent flow inside a sudden-expansion cylindrical chamber Figure 3 . Comparison of the predicted mean axial velocity with the experimental data.
and C s = 0.15 for a turbulent mixing layer [20] . However, C s = 0.1 is widely used for turbulent channels, pipe flows, and backward-facing step flow [21] - [23] . In the present study, C s = 0.1 and 0.12 are adopted. The Lagrangian dynamic SGS model is also employed; this is referred to as the LDSM hereafter. These calculations are performed to examine the influence of turbulent models in the present geometry of combustion device.
The model is validated by comparing the predicted results with the experimental data, where the geometry adopted for the flame holder is the 'cutting plane with shaft' type. The mean axial velocity distributions are displayed in figure 3 at four positions. The predicted results are generally in good agreement with the experimental data. In particular, the position of the peak velocity is reproduced well by the numerical computation. Furthermore, the agreement further downstream is satisfactory. However, in the recirculation region behind the flame holder, the agreement is less satisfactory. It is generally believed that none of the models used predict things correctly in the recirculation region.
The model constant of the Smagorinsky model is evaluated using the experimental data. A closer inspection of the model constant predictions reveals that no significant differences are observed in figure 3 . The result of C s = 0.12 is a slight overprediction in the recirculation region. In general, the high value of the model constant causes an excessive damping of largescale fluctuations. This suggests that it is not easy to optimize the turbulent model constant in the present complex flow field. The results predicted by the LDSM are almost the same as those predicted by the Smagorinsky model. As mentioned earlier, it is known that the dynamic SGS model gives a reasonable prediction for appropriate low-Reynolds-number turbulent flows. However, it is seen that the results predicted by the LDSM are not very satisfactory for the present complex flow.
The model validation is extended to the axial turbulent intensity distributions in figure 4 . A trend similar to that of the earlier mean velocity profiles, shown in figure 3 , is displayed. The comparison of the predicted results with experiment is shown to be less satisfactory. However, the general trend is consistent with the experimental data. The position of the peak value is reproduced well by the present prediction. As seen, the turbulent intensity profiles have two peak values at which a shear layer exists. Due to the strong recirculation just behind the flame holder, the inner peak value is larger than the outer peak one. Two peaks are spread further downstream (Z/R = 10.0), where the predictions are in good agreement with the experimental data.
Q.9
For the premixed-type combustor, the geometry of the flame holder is an important design factor for determining the flow characteristics of the combustion equipment. As remarked in the introduction, three types of flame holder are employed and tested by using the Smagorinsky model, where the model constant C s = 0.1 is adopted: a disc type, a cutting plane type, and a cutting plane with shaft type. A most simplified shape of the flame holder is the 'disc' type. To investigate the effect of a cutting edge on the flow characteristics, the 'cutting plane' type is chosen. Also, the 'cutting plane with shaft' type is adopted to consider the effect of a shaft supporting of flame holder; this is referred to as the CPWS hereafter.
To look into the effect of the three types of flame holder on flow mixings, the profiles of mean axial velocity were obtained, and these are exhibited in figure 5 . It is obvious that the effects of three types are significant. At Z/R = 6.0, which is just behind the flame holder, the position of the peak velocity for the CPWS is significantly shifted toward the centreline of the cylinder combustor. The position of the peak value is closely associated with the size of the recirculation region behind the flame holder. Also, in the cases of the 'disc' and the 'cutting plane', it is indicated that the backward flows are stronger than for the CPWS. At Z/R = 7.0, the backward-flow region has almost disappeared in the cases of the 'disc' and 'cutting plane'. However, it still exists in the case of the CPWS. Further downstream (Z/R = 10.0), the velocity field of the 'disc' is fully retrieved, but the others are not. The velocity profile of the disc-type flame holder is widely spread behind the flame holder and rapidly restored downstream, but in the case of the CPWS it is narrowly spread and slowly restored downstream.
Q.10
The predicted results for the axial turbulent intensity for three flame holders are shown in figure 6 . As mentioned earlier, two peaks of turbulent intensities exist, where the inner peak value is larger than the outer peak one due to the effect of the strong-recirculation region behind the flame holder. The position of the inner peak moves inward to an extent depending on the different geometries of flame holder. The peak value is the largest in the case of the 'disc'. 'cutting plane', and 0.6R for the CPWS in the radial direction. At Z/R = 6.0, the mean radial velocities are positive. This means that the recirculation region is developed behind the flame holder. However, at Z/R = 7.0, the negative value of the mean radial velocities indicates that the recirculation region is becoming extinct. Further downstream (Z/R = 8.0), the mean radial velocities are weaker and smoother. This means that reattachment has already taken place and the flow fields are retrieved.
The radial turbulent intensity and shear stress are displayed in figures 8 and 9, respectively. The profiles of the radial turbulent intensities are similar to those of the mean radial velocity mentioned above. The radial turbulent intensities are slightly decreased to an extent depending on the flame holder geometry. It is seen that the turbulent intensities are strong at Z/R = 7.0. This suggests that turbulent mixing is strong inside the recirculation region. In figure 9 , two shear layers exist, i.e., the inner layer of negative shear stress and the outer layer of positive shear stress. The inner layer has a greater intensity than the outer layer. Since the recirculation region is reattached and no shear layers exist downstream, the shear stress profiles are shifted toward the centre of the cylinder.
Contour plots of the mean axial velocity field for three shapes of the flame holder are exhibited in figure 10 . The dashed line denotes negative values, the solid line positive values. The contour levels are between −0.52 and 1.35 at intervals of 0.06. As anticipated, the recirculation region behind the flame holder is affected by the shape of the flame holder. The recirculation region size for the 'disc' is: 0.9R (halfwidth) × 2.0R (length) in the streamwise direction. On the other hand, the size for the 'cutting plane' is: 0.6R(halfwidth)× 1.8R (length) in the streamwise direction. This is attributed to the contraction of the impingement area of the flame holder, i.e., the impinging area of the 'cutting plane' is smaller than that of the 'disc'. In the case of the CPWS, the boundary layer develops along the shaft surface and a small recirculation region is formed in front of the corner part between the shaft and the flame holder. It is considered that this small recirculation region is not shed, but is kept attached. The dimension for the CPWS is: 0.5R (halfwidth) × 1.7R (length) in the streamwise direction. As a result, the recirculation region is seen to be the smallest for the CPWS in figure 10 . Instantaneous distributions of the vortical structures are shown in figure 11 . The axisymmetric vortex rings are generated on the inside and outside of the annular jet around the flame holder. These vortices are deformed downstream, as in a round jet [24] . However, three-dimensional vortical structures develop more quickly than for a round jet. In the case of the 'disc', the vortex rings are widely spread and quickly deformed. In contrast, in the case of the CPWS, the vortex ring has small size and its shape is maintained at the end of the recirculation region. The above snapshots demonstrate how the vortical structures are accelerated in the premixed-type combustion. A flow simulation for a high Reynolds number (Re = 50 000), for which other experimental data are available for comparison [25] , is also made with the help of the Smagorinsky model and the LDSM. The profiles of mean axial velocity and turbulent intensity for Re = 50 000 are displayed in figures 12 and 13, respectively. Simulation data are averaged over time and azimuthal direction. The calculation domain is set up in agreement with the experimental configuration. The 'cutting plane' type of flame holder is adopted in the present calculation. As seen in figure 12 , the predicted mean axial velocity is in fairly good agreement with the experimental data except for the recirculation region. The discrepancy is amplified in the profile of the axial turbulent intensity in the recirculation region (r/R < 1.0) at Z/R = 6.0 in figure 13 . Except for the recirculation region, the prediction of the turbulent intensity in figure 13 is generally in good agreement with experiment.
Contour plots of the instantaneous axial velocity at Re = 50 000 are illustrated in figure 14 . The solid line denotes positive values and the dashed line denotes negative values. The contour levels are between −0.92 and 1.49 at intervals of 0.08. A closer inspection of the contour plots shows that the velocity flow fields are spread out due to the flame holder. The recirculation region is discernible behind the flame holder. Near the position of Z/R = 7.0, the recirculation region is reattached and the turbulent mixture exhibits greater intensity. Cross-sectional views of the instantaneous streamwise velocity at Z/R = 6.0, 7.0, and 10.0 are also exhibited in figure 14 . A ring-type high-velocity region appears behind the flame holder. A weak-reverseflow region and a strong-recirculation region are observed outside and inside of the high-velocity region, respectively. The ring-type high-velocity region grows slowly with the growth of the recirculation region. A wavy deformation is shown in the two shear layers. These deformations are seen to grow with increasing axial distance, which will cause an increase of the streamwise vorticity.
The instantaneous vortical structures are illustrated in figure 15 , where the contour structures develop downstream. These structures are shown by the contour levels and the iso-surface of the vorticity magnitude simultaneously. Behind the flame holder, it is seen that two axisymmetric vortex rings with opposite rotations are generated. The inside vortex ring has greater intensity than the outside one. This is because it has a strong shear due to the effect of the backward-flow region. These two-ring-type vortices expand behind the flame holder. Near the reattachment region, which is at the end of recirculation region behind the flame holder, they Comparison of the predicted mean axial velocity with the experimental data. are deformed, and turbulent mixing is accelerated. Interactions take place between two-ringtype vortices, which accelerate the instability until its vorticity decays to small-scale motions. As shown by the iso-surface of the vorticity magnitude, the streamwise vortices emerge at the shear layer of the inner vortex region.
Conclusions
In the present study, the turbulent behaviour downstream of the flame holder inside a cylindrical chamber has been examined by a LES. Laboratory LDV measurements were also performed for comparison. The motivation was to scrutinize the flow characteristics by changing the geometry of the flame holder. In LES, SGS models have been tested and validated by using different values of the Smagorinsky model constant and the Lagrangian dynamic SGS model. It was found that C s = 0.1 leads to good predictions in the recirculation zone as well as in the downstream region. Q. 13 The Lagrangian dynamic SGS model also gives reasonable predictions. The predicted results show a good agreement with the experimental data as regards the mean axial velocity, the peak position of the velocity, and the turbulent intensity. Three types of flame holder were chosen and tested: 'disc', 'cutting plane', and CPWS. It was found that the position of the peak velocity is significantly shifted toward the centreline of the cylinder combustor to an extent depending on the type of flame holder. The position is closely associated with the size of the recirculation region behind the flame holder. In the case of the CPWS, a small recirculation zone is formed in the front corner of the flame holder. This yields the smallest size of recirculation zone behind the flame holder and the ring-type vortical structure is maintained for a long time. The instantaneous distributions of vortical intensity revealed that two axisymmetric vortex rings with opposite rotations are formed behind the flame holder. The inside vortex ring has greater intensity than the outside one. These two-ring-type vortices are deformed downstream and the streamwise vortices are generated at the shear layer of the inner vortex region.
